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INTRODUCTION 
The i n t e r a c t i o n  of gases with s o l i d  surfaces  i s  a problem of considerable 
p r a c t i c a l  importance and has received much a t t e n t i o n  i n  the  l i t e r a t u r e .  Application 
of the  so lu t ion  of some of these  problems i s  found i n  su r face  coat ings ,  vacuum tech- 
nology, thin-f i lm growth, and surface  contamination. I n  add i t ion ,  new and i n t e r e s t -  
ing physica l  processes a r e  being s tud ied  through surface  s c a t t e r i n g  experiments. 
Our p r i n c i p a l  i n t e r e s t  is  i n  the  study of the  growth of t h i n ,  s o l i d  f i lms on s a l t  
sur faces .  
The i n t e r a c t i o n  of gases with s o l i d  surfaces  i s  charac ter ized  by a long-range 
a t t r a c t i v e  fo rce  combined with a short-range repuls ive  fo rce  ( r e f .  1). It i s  usual ly  
assumed t h a t  the  t o t a l  gas-surface i n t e r a c t i o n  can be approximated a s  the  sum of t h e  
gas atoms and the  individual  atomic cons t i tuen t s  of the  s o l i d  over t h e  two-body 
i n t e r a c t i o n  p o t e n t i a l s  ( r e f .  2 ) .  Thus, determining t h e  in tera tomic  p o t e n t i a l  i s  of 
fundamental importance. 
In  examining the  l i t e r a t u r e  on the  binding p o t e n t i a l s  of  individual  atoms on 
s a l t  su r faces ,  one is  amazed by t h e  d i v e r s i t y  of approaches and by the  wide range of 
f i n a l  values obtained by various authors .  We found no consistency i n  the  treatment 
of the  long-range a t t r a c t i v e  fo rces  even though these  fo rces  a r e  reasonably well  
defined from atomic s p e c t r a l  p roper t i e s .  The short-range repuls ive  core parameters 
were taken from diverse  s tud ies  on gas p roper t i e s  and on i o n i c  c r y s t a l s  with no 
at tempt t o  t r e a t  a l l  the  da ta  on a systematic bas i s .  Af ter  a b r i e f  review of t h e  
t h e o r e t i c a l  developments i n  t h i s  f i e l d  of research,  we p resen t  a program t o  con- 
s i s t e n t l y  analyze and develop a da ta  base of physical  i n t e r a c t i o n  parameters f o r  
f u t u r e  s t u d i e s  of the  i n t e r a c t i o n  of noble metals with s a l t  sur faces .  
REVIEW OF THEOETICAL DEVELOPMENTS 
Models of t h e  interatomic p o t e n t i a l  a r e  usually approximated with a long-range 
a t t r ac t ive - fo rce  p o t e n t i a l  varying a s  t h e  inverse  of the  separa t ion  of the  atoms 
r a i s e d  t o  the  s i x t h  power. The a t t r a c t i v e  p o t e n t i a l  i s  usual ly  i d e n t i f i e d  wi th  the  
London dispers ion  fo rce  ( r e f .  3 ) .  The short-range repuls ive  core  p o t e n t i a l  i n  e a r l y  
models was taken a s  the  inverse  of t h e  separa t ion  r a i s e d  t o  the  twelf th  power by 
Lennard-Jones ( r e f s .  1 and 2) o r  a s  an exponential by Buckingham ( r e f .  4 ) .  The 
Lennard-Jones p o t e n t i a l  
has two f r e e  parameters usually taken a s  the  equilibrium well  depth & and the  mean 
equil ibrium separa t ion  R, where r i s  the  separat ion of the  atoms. (A l i s t  of 
symbols appears a f t e r  the  r e fe rences , )  The zero p o t e n t i a l  c ross ing radius  0 is 
f ixed a t  0 , 8 9 R ,  independent of well  depth. The constant  of the  London dispers ion  
force  p is  then given by 2 ~ E t ~ -  The auckingbam p o t e n t i a l  is usually wri t t en  as  
where 6 i s  a  parameter charac ter iz ing  the  repuls ive  force.  The corresponding 
value of the  cons tant  of the  London dispers ion  fo rce  is  given by & ~ ~ / [ 1  - (6 /8)] ,  
which i s  equal t o  the  Lennard-Jones value only f o r  6 = 12. The zero p o t e n t i a l  
crossing radius  is  0.89R when 8 x 14.5. Since t h e  second v i r i a l  c o e f f i c i e n t  i s  
r e l a t e d  t o  03, R ~ ,  and &, most gases y i e l d  0 - 0.89R and r e s u l t  i n  a  London d i s -  
persion constant ,  which i s  18 percent  lower f o r  t h e  Buckingham p o t e n t i a l  than t h a t  
found f o r  the  Lennard-Jones po ten t i a l .  The ana lys i s  of gas thermodynamic d a t a  shows 
more cons i s t en t  r e s u l t s  from use of the  Buckingham p o t e n t i a l  ( r e f .  5 ) .  Early work 
on interatomic p o t e n t i a l s  was l a rge ly  devoted t o  ex t rac t ing  p o t e n t i a l  parameters 
from experimental da ta  and searching f o r  semiempirical r e l a t i o n s  among parameters t o  
provide some semiempirical p red ic t ive  capab i l i ty .  
The long-range a t t r a c t i v e  forces  between atoms were f i r s t  analyzed by London 
( r e f .  3 ) .  He showed t h a t  the  f i r s t - o r d e r  per turbat ion  between two atoms was zero 
b u t  t h a t  second-order per turbat ion  theory gave r i s e  t o  an interatomic p o t e n t i a l  
r e l a t e d  t o  the  atomic mult ipole t r a n s i t i o n  amplitudes, giving r i s e  t o  t h e  name d i s -  
persion forces .  The r-6 term was r e l a t e d  t o  the  i n t e r a c t i o n  of an induced dipole  
i n  each of the  two atoms and t h e  p o t e n t i a l  c o e f f i c i e n t  was r e l a t e d  t o  t h e  dynamic 
p o l a r i z a b i l i t i e s .  He f u r t h e r  showed t h a t  i f  t he  d ipo le  p o l a r i z a b i l i t y  was replaced 
w 
by a  s ingle-pole term a t  frequency wl, then the  d i spe r s ion  fo rce  cons tants  could be 
wr i t t en  as 
where a2 and a; a r e  the  corresponding atomic s t a t i c  p o l a r i z a b i l i t i e s  of the  two 
atoms. (The unprimed and primed symbols ind ica te  the  two atoms.) Since t h e  energy 
poles appear near  t h e  ion iza t ion  p o t e n t i a l s  I, w e  have the  approximation 
Another approximation used i n  many surface  physics ca lcu la t ions  i s  t h a t  of Kirkwood 
and ~ i i l l e r  ( r e f s .  6  and 7 ) :  
where m is  the  e l ec t ron  mass, c  is the  ve loc i ty  of l i g h t ,  and X, and X; a r e  
the  magnetic s u s c e p t i b i l i t i e s  of the  two atoms, These formulas may be used t o  der ive  
general r e l a t i o n s  between the  force  constants  p of i n t e r a c t i o n  p o t e n t i a l s  f o r  d i f -  
f e r ing  atomic systems ( r e f .  8 ) ,  denoted by subsc r ip t s  1 and 2,  a s  fol lows:  
which can be approximated as 
p12 = d ~ l l ~ 2 2  
It can be seen from t h i s  l a s t  equation t h a t  
which follows from the  Lennard-Jones p o t e n t i a l  and from the  f a c t  t h a t  R12 '. d-; 
The combination r u l e s  f o r  the  Lennard-Jones p o t e n t i a l  a r e  t h e  same a s  f o r  E12, and 
consequently, we can der ive  
The exponential repuls ive  term was proposed by Zener ( r e f .  9 ) ,  who r e l a t e s  t h e  
exponential decay constant  t o  the  asymptotic e l e c t r o n i c  wave functions 
where I is t h e  ion iza t ion  p o t e n t i a l ,  a, i s  Bohr's r ad ius ,  x i s  t h e  e l ec t ron  
r a d i a l  coordinate,  and e i s  the  e l ec t ron  charge. Zener's r e s u l t s  suggest t h a t  
i s  an appropr ia te  combination f o r  the  exponential  parameter $ of the  Buckingham 
p o t e n t i a l .  
The above formalisms have been used t o  study physica l  adsorption on su r faces  
over the  years .  S tudies  of noble gas adsorption on s a l t  i n  p a r t i c u l a r  ( r e f .  10) 
r e l i e d  on s a l t  cohesive-force data  ( r e f .  11). The London dispers ion  force  was 
usual ly  approximated through use of the   irkw wood-~uller formula, the  magnetic sus- 
c e p t i b i l i t y  da ta  of Hoare and Brindley ( r e f .  3.21, and the  p o l a r i z a b i l i t y  of Mayer 
( r e f .  1 3 ) -  The repuls ive  core parameters were estimated from v i r i a l  da ta  f o r  argon 
and s tud ies  of s a l t  c r y s t a l s  ( r e f ,  11)- In  addi t ion  t o  these fo rces ,  the  e l ec t ro -  
s t a t i c  a t t r a c t i o n  caused by the  induced dipole  moments i n  the  adatom was added 
( r e f ,  1 0 ) .  Note t h a t  s t a t i c  p o l a r i z a b i l i t y  was estimated from the  in tera tomic  
p o t e n t i a l  da ta  and may o r  may not  r e f l e c t  the  d i spe r s ive  p roper t i e s  of i s o l a t e d  
atoms, Later  work used the  same methodology with improved data  ( r e f ,  l 4 ) ,  
Tn m o s t  appl ica t ions  of surface  physics,  the  above h i s t o r i c a l  development i s  
taken as the  obvious s tar tkng po ln t  f o r  estimating surfdce adsorption potentials 
( r e f .  1 5 ) .  Application t o  new adatoms f o r  which the  i n t e r a c t i o n  forces  a r e  unknown 
usually r e l i e s  on atomic spectroscopic da ta  t o  es t imate  atomic p o l a r i z a b i l i t i e s  
( r e f .  1 6 ) .  Although forms equivalent  t o  the   irkw wood-~uller formula a r e  used f o r  
dipole-quadrupole and quadrupole-quadrupole i n t e r a c t i o n  terms ( r e f .  1 7 ) ,  the  
 irkw wood-~uller formula i s  s t i l l  used t o  est imate the  d ispers ion  force  cons tant .  
More recen t ly ,  methods have been developed which allow ca lcu la t ions  of i n t e r -  
ac t ion  p o t e n t i a l s  between closed-shell  atoms ( r e f s .  18 and 1 9 ) .  These ca lcu la t ions  
agree s a t i s f a c t o r i l y  with known noble gas i n t e r a c t i o n s  and provide new r e s u l t s  f o r  
noble gas i n t e r a c t i o n s  with a l k a l i  and ha l ide  ions.  Since we a r e  i n t e r e s t e d  i n  th in-  
f i lm growth on s a l t s ,  which requi res  in te rac t ions  with s a l t  ions ,  these  i n t e r a c t i o n s  
seem t o  be a  na tu ra l  s t a r t i n g  po in t  f o r  a  systematic s tudy of p o t e n t i a l  parameters 
t o  provide a  d a t a  base f o r  es t imates  of physical  adsorption on s a l t s .  
In  t h e  present  r epor t ,  we examine interatomic forces  using semiempirical notions 
and der ive  r e l a t i o n s  f o r  p o t e n t i a l  parameters i n  terms of b a s i c  atomic p roper t i e s  
and repuls ive  core parameters. We require  the  formalism and the  repuls ive  core 
parameters t o  describe diatomic i n t e r a c t i o n  data ,  noble gas c r y s t a l  da ta ,  and i o n i c  
c r y s t a l  da ta .  Such a  g lobal ly  cons i s t en t  theory and da ta  base should then provide a  
r e l i a b l e  b a s i s  f o r  the  est imation of p o t e n t i a l s  among many atom-atom and atom- 
surface  systems. Because the  p o t e n t i a l  parameters a r e  r e l a t e d  t o  fundamental atomic 
cons tants ,  t he  formation of a  p red ic t ive  capab i l i ty  is an inherent  p a r t  of the  
present  formalism. 
INTERATOMIC POTENTIAL 
The repuls ive  core was s tud ied  by Zener ( r e f .  9 ) ,  who shows t h a t  t h e  quantum 
analog i s  
$ R ( r )  A exp (-br) (1 
where the  exponential  f a c t o r  f o r  two unlike atoms is found according t o  the  combina- 
t i o n  ru le :  
f o r  atoms A and B ,  The short-range forces  between noble gas atoms a r e  a l s o  calcu- 
l a t e d  i n  the  e l ec t ron  gas model by Waldman and Gordon ( r e f .  19) a s  well  a s  by Gi lbe r t  
and Wahl ( r e f ,  20)  using the  Hartree-Fock methods, These inves t iga t ions  confirm t h e  
repuls ive  p o t e n t i a l  form given by Zener, A s  shown by Gordon and K i m  ( r e f .  181, 
repulsion i s  mainly made up of the  t o t a l  e l ec t ron ic  k i n e t i c  energy as  a function of 
nuclear separa t ion  and is  c lose ly  r e l a t e d  t o  the  product of the  atomic wave functions 
i n  the  overlap region as  assumed by Zener, Asymptotic wave functions have been found 
by Handler, Smith, and Si lvers tone  ( r e f .  2 1 )  t o  be of the  form 
where 
and Zi i s  the  nuclear charge and Ni is  the  number of e l ec t rons .  Herein, ti i s  
taken as  a  f r e e  parameter f o r  each atomic species .  The extension of Zener's repul- 
s i v e  term i s  then 
with 
and 
The ti a r e  assumed t o  be c lose ly  r e l a t e d  t o  the  ion iza t ion  p o t e n t i a l  and a r e  t o  be 
determined. 
The long-range a t t r ac t ive - fo rce  p o t e n t i a l  is  well  approximated by induced 
e l e c t r o s t a t i c  moments caused by the  per turbing presence of the  second atom. A t  
d is tances  l a rge  enough t h a t  the  e l ec t ron  wave functions do not  s i g n i f i c a n t l y  over lap  
b u t  not  s o  l a rge  t h a t  the  s i g n a l  delay times between the  atoms a r e  unimportant, t h e  
long-range force  p o t e n t i a l  may be expanded as  
where the  CLI a r e  r e l a t e d  t o  the  e l e c t r i c  mult ipole p o l a r i z a b i l i t i e s  ( r e f s .  22 
and 23)  given by 
where a and a '  a r e  s t a t i c  p o l a u l z a b i l i t i e s ,  ZA and ZB a r e  atomic numbers, 
2L 2R 
and NA and NB a r e  the  number of e l ec t rons  i n  atoms A and B. These terms a r e  
equal t o  zero unless one of the  atoms has a n e t  charge imbalance ( i . e . ,  each expres- 
s ion  contains a monopole term).  The usual  d ispers ion  terms a r e  given by ( r e f .  22) 
CO 
a2 ( i w )  a '  ( i w )  dw 4 
where a 2 ~ ( i w )  and a rR( iw)  a r e  the  atomic dynamic p o l a r i z a b i l i t i e s .  It has a l s o  2 
been shown t h a t  a reasonable est imate of d ispers ion  p roper t i e s  i s  given by the  s i n g l e  
frequency dispers ion  r e l a t i o n  
f o r  which equations (12a) t o  (12d) a r e  approximated by 
Hence, the attractive forces are known in terms of atomic spectral properties. We 
now require a formalism by which the required atomic dispersion parameters may be 
estimated. 
Dispersion Parameters for Hydrogen 
Dispersion relations for the hydrogen-like atom are exactly known (refs. 22 
and 23). The static polarizability is 
Similarly, the asymptotic limit (w -t a) of dynamic polarizability is given as 
Using equations (15) and (16) we find the lowest energy poles satisfy 
- 
As is well known, the value of wl is taken from 
Through use of the  above r e l a t i o n s ,  the  dispersion force  constants  shown i n  t a b l e  I 
a r e  given t o  within 0 - 2  percent  f o r  the  H-H i n t e r a c t i o n  calculated elsewhere 
( r e f ,  22)- 
Dispersion Parameters f o r  Two-Electron Systems 
The d ipole  s p e c t r a l  p roper t i e s  of atoms and dipole-dipole d ispers ion  fo rces  a r e  
well known f o r  many atoms ( r e f s .  23 t o  25).  However, we d e s i r e  the  means t o  est imate 
the  d ispers ion  forces  on t h e  b a s i s  of ava i l ab le  da ta .  The s t a t i c  d ipo le  polar iza-  
b i l i t y  f o r  helium i s  given by ( r e f s .  26 and 27) 
whereas C l , l  = 1.46 ( r e f .  26) , y ie ld ing  
- 
The remaining a and wL a r e  estimated from ( r e f s .  22 and 23) 
2L 
+ 
and t h e  frequency r a t i o s  of equations (17) and (18) .  Values f o r  Li and H- a r e  
s imi la r ly  obtained. The force  coe f f i c i en t s  i n  t a b l e  I compare wel l  with values found 
by Davison ( r e f .  23).  
Dispersion Parameters f o r  Noble Gases 
The d ipole  p o l a r i z a b i l i t y  f o r  noble gas atoms has been evaluated by S ta rkscha l l  
and Gordon ( r e f .  26) and values a r e  shown i n  t a b l e  11. The dipole d ispers ion  energy 
pole i s  found with equation (14a).  Quadrupole and octapole p o l a r i z a b i l i t i e s  a r e  
found i n  Doran ( r e f .  28) along with t h e i r  d ispers ion  force  constants .  I t  remains f o r  
us t o  est imate d ispers ion  energy poles from the  s t a t i c  multipole p o l a r i z a b i l i t i e s  and 
t h e i r  cont r ibut ions  t o  the  d ispers ion  forces .  This i s  accomplished through use of 
equations (14a) t o  (14d). Because some inconsis tencies  appear f o r  the  X e  da ta  of 
Doran ( r e f .  28) ,  it i s  f i r s t  necessary t o  observe t h a t  the  s p e c t r a l  p roper t i e s  of K r  
and Xe a r e  s i m i l a r  before u t i l i z i n g  the  value of the  dipole energy pole of  X e .  
Dispersion Parameters f o r  Ions 
The s t a t i c  d ipole  pola.riza.bilit ies have been ca lcula ted  from the  numerical solu- 
t i . ons  of tile ~ e h r o d i n ~ e r  quation ( r e f ,  29) and a r e  shown f o r  halogen ions  througl-I 
chlor ine  and f o r  a l k a l i  metal ions through potassium i n  t a b l e  I11 along with the  
corresponding noble gas values ,  We assume t h a t  t h e  atoms o f  the  same i soe lec t ron ic  
sequence have the same value o f  V ,  where 
and I is the ionization potential. The parameter V is determined from the noble 
gas dispersion parameter and known values of I (ref. 30). The dipole and quadru- 
pole polarizabilities of the alkali ions are taken from Dalgarno (ref. 27). The 
remaining values for quadrupole polarizabilities for F- and ~ 1 -  are found in analogy 
to harmonic oscillator dispersion parameters to satisfy 
and are assumed here for ~ r -  and I- as well. 
The dispersion forces have been evaluated in this paper with harmonic oscillator 
spectral distributions to obtain (ref. 31) 
which is to be compared with the single pole dispersion (eq. (14c)) 
Approximate values of a8 can be found by equating (25) and (26), which results in 
.., 
where the ionic values of w3 are found from the corresponding noble gas values of 
the same isoelectronic sequence as 
The fina.1 values for  the  a l k a l i  and halide ions are shown i n  tab le  I11 i n  comparison 
wi th  the  noble gas parameters. 
Ion ic  E l e c t r i c  F i e l d  
As an atom comes c lose  t o  an atomic ion ,  the Coulomb f i e l d  experienced by the  
atom i s  s u b s t a n t i a l l y  d i f f e r e n t  from what i t  experiences from a  point  charge. To 
determine more accura te ly  the  e l e c t r o s t a t i c  f i e l d  we solve  Poisson 's  equation f o r  the  
ion ic  charge d i s t r i b u t i o n  as  
where p e ( r )  i s  the  e l ec t ron  d i s t r i b u t i o n .  The e lec t ron  wave functions a r e  taken 
as  S l a t e r ' s  screen wave functions ( r e f .  32) ,  which a r e  approximately appl icable  t o  
ions ( r e f .  33). The screening f a c t o r  c  i s  given i n  t a b l e  I V  along with the  corre-  
sponding p r i n c i p a l  quantum number n. The corresponding e l e c t r o s t a t i c  p o t e n t i a l s  
a r e  
and s i m i l a r l y  f o r  @,(r), where Q is the  n e t  charge. The higher ordered p o t e n t i a l s  
a r e  approximated by sca l ing  t h e  1s p o t e n t i a l s  a s  
The corresponding e l e c t r i c  f i e l d  s t r eng th  i s  
where Q = 1 f o r  a  p o s i t i v e  ion  and -1 f o r  a  negative ion. (Note t h a t  i n  these  
approximations the  inner  s h e l l  e l ec t rons  a r e  t r e a t e d  a s  negative point  charges a t  
the  nucleus.) 
General Po ten t i a l  Form 
According t o  the  ca lcu la t ions  previously discussed,  the  general  form f o r  the  
interatomic p o t e n t i a l  i s  
where on ly  A and b a r e  a s  y e t  t o  be determined f o r  each p a i r  combination. The 
parameters  of  equa t ion  (34) a r e  given by 
The unknown p o t e n t i a l  parameters  A and b may be r e l a t e d  through t h e  fo l lowing:  
$ .  . (R) = -& 
1 3 (39) 
Equation (38) r e s u l t s  i n  
whereas equa t ion  (39) r e s u l t s  i n  
a22 exp ( b R )  
A = 
R X 
I t  is  noted here t h a t  
I n  the  subsequent ana lys i s ,  we search f o r  values of A and b  using the  d ispers ion  
force  and e l e c t r i c  f i e l d  parameters i n  t a b l e s  I t o  I V .  
Force Parameter Combination Rules 
J u s t  a s  the  d ispers ion  force  parameters of atoms can be combined, s o  can the  
remaining fo rce  parameters r e f e r r i n g  t o  the  core repulsion.  The p o t e n t i a l  minimum 
occurs a t  the  parameter value R f o r  which the  combination r u l e  is  given a s  
Values f o r  Rii a r e  given i n  t a b l e  V. The core repuls ion  i s  w r i t t e n  a s  
mR(r) = A exp(-@)rX exp @ [ 1  - ( r / R )  1 (44) 
s o  t h a t  the  combination r u l e  f o r  6 is  
The Ai j  and Pi j  a r e  determined from an analys is  of the  Waldman and Gordon 
data  ( r e f .  1 9 ) .  We solve  f o r  Pii by requi r ing  t h a t  the  p o t e n t i a l  evaluated a t  Ri j  
gives the  value 
-'ij and the  corresponding de r iva t ive  of the  p o t e n t i a l  i s  zero, 
thus y ie ld ing 
The Waldman and Gordon da t a  a r e  then d iv ided  i n t o  a  group involv ing  n e u t r a l  atoms 
on ly ,  I n  t h e  case  of i = j ,  we may so lve  f o r  Bii d i r e c t l y ;  f o r  i $ j, va lues  
a r e  obta-ined by simultaneous i t e r a t i o n .  The leas t - squares  e r r o r  va lue  i s  s e l e c t e d  
from these  r e s u l t s .  The condi t ion  t h a t  i be a n e u t r a l  atom and j a p o s i t i v e  o r  
a  nega t ive  ion  al lows us t o  s o l v e  f o r  
'j j  d i r e c t l y ,  The va lues  obta ined  a r e  a 
func t ion  of Rii, and consequently we choose Rii t o  minimize t h e  sum of squared 
e r r o r s  a s soc i a t ed  with a l l  t h e  Waldman and Gordon da ta .  The d a t a  base  is then  
expanded t o  inc lude  Herzberg's diatomic a l k a l i - h a l i d e  molecule d a t a  a s  compiled by 
Huheey ( r e f .  3 4 ) .  Again, t h e  va lues  of Rii a r e  ad jus ted  t o  minimize t h e  sum of  
t h e  squared e r r o r s  of t h e  en larged  d a t a  s e t .  The next  s t e p  i n  t h e  parameter search  
i s  t o  i nc lude  c r y s t a l  da t a .  
NOBLE GAS SOLIDS 
The many-body noble gas system i s  descr ibed  by t h e  f i r s t - o r d e r  Hamiltonian a s  
where $ . . ( r i j )  is  t h e  two-body p o t e n t i a l  and Ki is  t h e  k i n e t i c  energy ope ra to r .  
1 3  
The cohesive energy Ecoh i s  given a s  t h e  sum of t h e  zero p o i n t  k i n e t i c  energy EZ 
and t h e  p o t e n t i a l  a t  t h e  corresponding l a t t i c e  s i t e :  
where r is t h e  d i s t a n c e  t o  a l l  t h e  surrounding l a t t i c e  s i t e s .  The zero p o i n t  j 
energy i s  r e l a t e d  t o  t h e  Debye temperature and is given by Glyde ( r e f .  35) .  I t  is  
customary t o  t ake  t h e  subl imat ion  energy Lo a s  t h e  s e p a r a t i o n  energy from a 
s u r f a c e  kink s i t e .  I f  we ignore  t h e  s u r f a c e  energy, Lo i s  one-half t h e  cohesive 
energy : 
The experimental  subl imation energy ( r e f .  36) and l a t t i c e  spac ings  a r e  used t o  
f u r t h e r  r e f i n e  ou r  va lues  of Bii and R i i  f o r  t h e  noble gases .  The two-body 
p o t e n t i a l  d a t a  a r e  shown i n  t a b l e  V I ,  and f i n a l  values f o r  noble gas  p o t e n t i a l s  
a r e  shown i n  t a b l e  V I I .  
From t h e  r a d i i  o f  t h e  heavy noble gas atoms i n  t a b l e  V, it i s  observed t h a t  
- 1 
Ri is  p ropor t iona l  t o  c. From t h e  express ion  of Zener ( r e f .  9 )  f o r  t he  r e p u l s i v e  
p o t e n t i a l ,  one can expect  t h a t  Bii i s  near ly  cons tan t  f o r  a t  l e a s t  t h e  heavy noble 
gas atoms, The f i n a l  values of R and E f o r  t h e  noble gas systems a r e  shown i n  
t a b l e  VI with  va lues  f o r  t h e  Eennard-Jones p o t e n t i a l ,  which i s  s t i l l  used i n  many 
s t u d i e s  ( e , g . ,  r e f ,  l 6 ) ,  and t h e  range of r e s u l t s  found i n  Waldman and Gordon 
( r e f ,  19)- 
I O N I C  CRYSTALS 
The p o t e n t i a l  parameters  a r e  f u r t h e r  r e f i n e d  by adding a l k a l i - h a l i d e  c r y s t a l  
d a t a  t o  t h e  d a t a  base.  U t i l i z a t i o n  o f  t h i s  added d a t a  i s  now descr ibed .  
The many-body c r y s t a l  ~ a m i l t o n i a n  (eq. (47) ) is  w r i t t e n  a s  ( r e f .  37) 
where 0.. (rij) i s  t h e  two-body p o t e n t i a l  app rop r i a t e  f o r  t h e  i , j  1 3  p a i r .  The 
cohesive energy i s  g iven  by 
where rij  a r e  t aken  as t h e  equ i l i b r ium l a t t i c e  p o s i t i o n  v e c t o r s  and EZ i s  t h e  
zero  p o i n t  energy of  t h e  c r y s t a l  ( r e f .  38 ) .  The p o t e n t i a l s  appearing i n  equa- 
t i o n  (50) a r e  somewhat d i f f e r e n t  from t h e  r e s u l t s  g iven  by equa t ion  (34 ) .  The 
reason  f o r  t h i s  d i f f e r e n c e  i s  t h e  i nduc t ion  f o r c e  terms do n o t  appear i n  equa- 
t i o n  (50) s i n c e  t h e  e l e c t r i c  f i e l d s  a t  each l a t t i c e  s i t e  a r e  zero.  The e f f e c t i v e  
p o t e n t i a l  w i t h i n  t h e  c r y s t a l  a t  a  given l a t t i c e  s i t e  is  thus  
where t h e  i nduc t ion  terms of C6 a r e  l i kewi se  zero .  
I n  t h e  u sua l  a n a l y s i s  o f  s a l t  c r y s t a l s ,  t h e  p o t e n t i a l  i s  c a l c u l a t e d  a t  a  g iven  
charge s i t e  and it i s  assumed t h a t  t h e  sum i s  independent o f  t h e  s i t e  charge  
( r e f s .  11, 37, and 39 t o  4 4 ) .  This  i s  accomplished by neg lec t ing  t h e  r e p u l s i v e  terms 
f o r  l i k e  i ons  ( r e f s .  37 and 41 t o  44) o r  by assuming t h e  r e p u l s i v e  terms f o r  l i k e  
i ons  have f u n c t i o n a l  forms t h a t  a r e  i d e n t i c a l ,  f o r  example, A++ = A_-  = A+- and 
- b++ - b-- = b+- i n  equa t ion  (51) ( r e f s .  11, 39, 40, 42, and 43 ) .  I n  r e a l i t y ,  t h e  
c r y s t a l s  wi th  l a r g e  nega t ive  i o n s ,  such a s  ~ r -  and I-, o r  wi th  unusual ly  sma l l  
p o s i t i v e  i o n s ,  such a s  ~ i + ,  cannot  be analyzed i n  t h i s  f a sh ion  because t h e  nega t ive  
i on  r e p u l s i v e  co re s  a r e  q u i t e  s i g n i f i c a n t  i n  determining t h e  c r y s t a l  s i z e ,  For t h i s  
reason ,  we use  e x p l i c i t  c r y s t a l  sums r a t h e r  than one of t h e  usua l  s i m p l i f i e d  formulas 
( r e f s ,  L l ,  37, and 39 t o  4 4 ) -  
The c r y s t a l  l a t t i c e  parameters a r e  taken from the  compilation of F L ~ I I ~  and Tosi 
( r e f .  39) and the  cohesive energy values a r e  taken from the  thermodynamic parameters 
( r e f s ,  37 ,  39, 40,  and 45). The atomic r a d i i  of the  ions and the  repuls ive  core 
parameters pii a r e  chosen a s  the  b e s t  f i t  f o r  the  c r y s t a l  da ta  and Herzbergls  
diatomic molecular da ta  a s  compiled by Huheey ( r e f .  3 4 ) .  I n  t h i s  process,  an 
adequate representa t ion  of the  noble gas and ion p o t e n t i a l s  of Waldman and Gordon 
( r e f .  19) i s  maintained. (See t a b l e  V I I I . )  The c r y s t a l  da ta  and data  from t h e  
present  model a r e  shown i n  t a b l e  I X .  
INTERACTIONS OF NOBLE GAS WITH CRYSTAL SURFACES 
S u f f i c i e n t  da ta  now e x i s t  f o r  t h e  study of t h e  i n t e r a c t i o n  of noble gas atoms on 
noble gas s o l i d s  and s a l t  c r y s t a l  surfaces .  The present  ca lcu la t ions  a r e  performed 
without taking i n t o  account t h e  su r face  d i s t o r t i o n s  r e l a t e d  t o  the  sol id-surface  
energy. I n  t h i s  way t h e  surface  energy e f f e c t s  may be evaluated by performing the  
more exact  ca lcu la t ions .  
The su r face  p o t e n t i a l s  f o r  noble gas atoms on the  noble gas c r y s t a l  of the  same 
element were evaluated f o r  the  th ree  f c c  su r faces  ( l o o ) ,  (110),  and (111). I n  
add i t ion  t o  evaluat ion  of  the  p o t e n t i a l s  f o r  the  plane, two configurat ions were 
introduced on each of the  planes t o  more accura te ly  model a r e a l  surface .  A h a l f -  
p lane  shee t  was added t o  s tudy the  e f f e c t s  of l a r g e  aggregations (edge) ,  and a kink 
i n  the  edge was a l s o  introduced and s tudied .  To complete the  information needed f o r  
k i n e t i c  s t u d i e s ,  t h e  saddle po in t  energy between s t a b l e  po in t s  on a f l a t  su r face  was 
a l s o  evaluated. The r e s u l t s  a r e  shown i n  t a b l e  X. For comparison, the  two-body 
p o t e n t i a l  wel l  depths E a r e  a l s o  given. 
It i s  shown i n  t a b l e  X t h a t  the  atoms of the  noble gas c r y s t a l  a r e  most mobile 
on the  close-packed (111) surface .  The bonding a t  an edge is somewhat weak unless  
the re  i s  a kink s i t e .  Dimer formation a t  an edge i s  q u i t e  s t a b l e  on the  (111) 
surface .  The (100) and (110) surfaces  have more s t a b l e  t rapping s i t e s  with much 
l e s s  su r face  mobil i ty than the  (111) surface .  Dimer formation on the  (100) and (110) 
surfaces  i s  q u i t e  s t a b l e .  There is l i t t l e  d i f ference  between t rapping a t  an edge 
and a t  a kink s i t e  on the  (100) and (110) surfaces .  
Numerous ca lcu la t ions  of the  adsorption of noble gas atoms onto a lka l i -ha l ide  
surfaces  have been made over the  years ,  each with i t s  own v a r i a t i o n  i n  the  i n t e r -  
a c t i o n  p o t e n t i a l  ( r e f s .  46 and 47).  For example, t a b l e  X I  r evea l s  the  d i s p a r i t y  i n  
s e v e r a l  of the  more recen t ly  published t h e o r e t i c a l  ca lcu la t ions  ( r e f s .  48 and 49) 
f o r  zero coverage adsorption p o t e n t i a l s  f o r  the  Ar/NaC1(100) system. Values a r e  
presented f o r  four  s i t e s  on the  NaCl surface  f o r  the  relaxed and unrelaxed s t a t e :  
a i s  the  saddle p o i n t ;  b is  the  midpoint of the  subce l l  edge; c i s  the  ca t ion ;  
and d i s  the  anion. Values shown i n  parentheses a r e  p o t e n t i a l s  obtained from 
experimental h e a t s  of adsorption independent of surface  heterogeneity and l a t e r a l  
i n t e r a c t i o n .  These values a r e  placed next t o  the  ca lcula ted  values of s i t e  c s ince  
it i s  the  p re fe r red  s i t e  f o r  Ar/NaC1(100). The r e l a t i o n s h i p  between hea t  of 
adsorption  AH^ and the  ca lcula ted  p o t e n t i a l  i s  given by 
Tile v a r i a t i o n  i n  these  ca lcula ted  values i s  b a s i c a l l y  the  r e s u l t  of any comb~natlon 
of ( a )  the  se lec ted  p o t e n t i a l  forms and parameters, (b)  neglec t  of the  i o n s y i n i t e  
s i z e ,  ( c )  the  number of A r  and a lka l i -ha l ide  ion p a i r s  swnmed, and (d)  the  s t a t e  of 
surface re l axa t ion ,  Considering the  values f o r  an unrelaxed surface  and the  f a c t  
t h a t  summations f o r  most of the  papers examined were i n  excess of 2000 p a i r s ,  t he  
discrepancies a r e  s t i l l  q u i t e  l a r g e ,  I t  i s  the re fo re  l i k e l y  t h a t  the  major problem 
i s  associa ted  with the  s e l e c t i o n  of the  s p e c i f i c  form f o r  the  interatomic p o t e n t i a l s  
and f i n i t e  s i z e  correc t ions  t o  the  ion charge d i s t r i b u t i o n  ( r e f .  50) .  Some improve- 
ment over p a s t  e f f o r t s  may have been achieved f o r  the  work presented he re in ,  s i n c e  
the re  i s  some o v e r a l l  consistency with published values ( i . e . ,  <7 percent  e r r o r )  i n  
the  g lobal  analys is  of the  pa i red  i n t e r a c t i o n s  and of noble gas and a lka l i -ha l ide  
c r y s t a l  da ta .  
Unfortunately, the re  is  l i t t l e  o r  no modern experimental da ta  ava i l ab le  with 
which these  ca lcu la t ions  can be compared. The work of Hayakawa ( r e f .  46) i s  perhaps 
the  most thorough experimental work ava i l ab le ,  b u t  it was conducted under very poor 
experimental condit ions compared with present-day surface  science techniques. For 
example, Hayakawa's experiments appear t o  have been made a t  an u l t imate  pressure  p 
of g rea te r  than t o r r .  A t  t h i s  pressure t h e  su r face  of t h e  a lka l i -ha l ide  
c r y s t a l s  would have been completely covered by the  chemical adsorption of  r e s idua l  
gases such a s  CO, C02, H20, H 2 ,  and o the r  adsorbates.  Physical  adsorption of the  
noble gases would have occurred on top  of t h i s  intermediate l a y e r  and the re fo re  
would have s u b s t a n t i a l l y  a l t e r e d  the  t r u e  i n t e r a c t i o n  p o t e n t i a l .  Furthermore, con- 
taminants from sample prepara t ions  such as  pol ish ing and exposure t o  atmosphere were 
not  removed o r  even determined. I n  a more recent  paper on Ar/NaC1(100) by Jackson 
and Davis ( r e f .  47) ,  some e f f o r t  was made t o  improve the  q u a l i t y  of the  (100) 
c r y s t a l s  by double h e a t  t reatment,  but  i n  every o the r  respect  the  approach was 
s i m i l a r  t o  Hayakawa's. I n  t a b l e  X I I ,  the  i n t e r a c t i o n  p o t e n t i a l s  f o r  an adatom of 
A r  on t h e  i d e a l  (100) surface  of 16 a lka l i -ha l ides  a r e  presented.  
Gas surface  d i f f r a c t i o n  is another area  of experimental research t h a t  provides 
p o t e n t i a l s  t h a t  can be compared with the  ca lcu la t ions  i n  t h i s  work. The bound s t a t e  
resonance spec t ra  t h a t  a r e  obtained from d i f f r a c t i o n  experiments can be r e l a t e d  t o  
some appropr ia te  model p o t e n t i a l  with two o r  more f r e e  parameters. Adjusting these  
parameters t o  f i t  the  resonance spec t ra  then allows a determination of e i t h e r  the  
wel l  depth o r  the  i n t e r a c t i o n  p o t e n t i a l .  This technique is  very s e n s i t i v e  t o  the  
model used and can generate l a rge  d i s p a r i t i e s  i n  wel l  depths f o r  the  same experi- 
mental da ta .  Calculat ions with a continuum model by Vidal i ,  Cole, and Klein 
( r e f .  51) f o r  Ar/Ar(100) and A r / A r ( l l l )  g ive  values of 862.5 and 954.5 cal/mole, 
r e spec t ive ly ,  compared with our saddle po in t  values of 1087.0 and 1090.0 cal/mole, 
respect ive ly .  Hoinkes ( r e f .  52) has shown t h a t  t h e  p a r t i a l l y  summed continuum 
model y i e l d s  well  depths t h a t  a r e  l e s s  than bu t  near t h a t  of the  saddle p o i n t  f o r  
a Lennard-Jones (12-6) p a i r  p o t e n t i a l  sum. Considering t h a t  the  p o t e n t i a l  used i n  
t h i s  work gives well  depths t h a t  a r e  32 percent  deeper than Lennard-Jones' values 
f o r  A r / A r  ( see  t a b l e  V I ) ,  the  agreement between our values and those of Vida l i ,  
Cole, and Klein would be improved had they used our i n t e r a c t i o n  p o t e n t i a l .  Simi- 
l a r l y ,  ca lcu la t ions  a r e  presented i n  t a b l e  X I 1 1  f o r  He on severa l  i d e a l  a l k a l i -  
ha l ide  (100) surfaces  a t  the  t h r e e  primary s i t e s .  Available wel l  depths from 
s c a t t e r i n g  experiments a r e  given i n  parentheses f o r  comparison ( r e f s .  51 t o  53 ) .  
A s  previously s t a t e d ,  these  values a r e  s e n s i t i v e  t o  the  mode1 used f o r  e x t r a c t i n g  
the well  depth and would probably s c a l e  i n  the  d i r e c t i o n  which s u b s t a n t i a l l y  
improves agreement i f  our model were used, 
CONCLUDING REMARKS 
The development of a theory and associated data base for the physical inter- 
action of two atoms has been achieved. The base draws heavily on many years of study 
of atomic dispersions, two-body potentials, noble gas crystals, and salt crystals. 
The data base shows an overall consistency with crystal da-ta to within several per- 
cent. Hence, a reliable data base for surface physics studies is herein provided. 
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atom of diatomic pa.ir 
l a t t i c e  parameter, atomic u n i t s  
Bohr's r ad ius ,  0.592 x lo-* cm 
atom of diatomic p a i r  
screening parameter 
zero p o i n t  energy of l a t t i c e ,  cal/mol 
atomic ion iza t ion  p o t e n t i a l ,  atomic u n i t s  
sublimation energy, cal/mol 
valence s h e l l  p r i n c i p a l  quantum number 
equil ibrium separa t ion  of two-body p o t e n t i a l ,  atomic u n i t s  
p o t e n t i a l  energy of c r y s t a l ,  cal/mol 
d i s t ance  above surface ,  atomic u n i t s  
mult ipole p o l a r i z a b i l i t y  (2L-pole),  (atomic u n i t s )  2L+1 
repuls ive  core parameter 
well  depth, atomic u n i t s  
r a t i o  of Zl/1 
diatomic p o t e n t i a l  energy a t  separa t ion  d is tance  r ,  atomic u n i t s  
pole  loca t ion  of the  dynamic 2L-polar izabi l i ty ,  atomic u n i t s  
TABLE I .- D I S P E R S I O N  PAFLWETERS AND FORCE CONSTANTS 
[va lues  i n  a tomic  u n i t s ]  
Parameter  H 
Atomic d i s p e r s i o n  p a r a m e t e r s  

















Hydrogen atom f o r c e s  
H e  
0.281 







C2 ,1  
c1, 3 
c 3 ,  1 
'3,2 
~ i +  
6.50 
62 .1  




















1 .37  
11.2  
1 .50 




6 .8  
3.58 






























TABLE 11.- NOBLE GAS DISPERSION PARAMETERS AND FORCE CONSTANTS 
[ v a l u e s  i n  a t o m i c  u n i t s ]  











C 1 , 3  
- 
W3 
H e  
1 .38  
1 . 4 6  
1 . 0 2  
2.44 
7 .38  
1 .37  
11 .2  
39.4 
1 .50  
N e  
2.67 
6 .48  
1 . 2 1  
6 .42  
36.9 
1 . 0 9  
30.4 
292.7 
2 .96  
1 
Xe 






1 1 0 5  
49 489 











1 .30  
K r  
1 6 . 8  
1 2 8  
0 .605 





1 . 6 7  
TABLE 111,- DISPERSION PARAMETERS FOR CLOSED-SHELL IONS AND NOBLE GASES 
[values in atomic u n i t s ]  
TABLE 1V.- ELECTROSTATIC POTENTIAL PARAMETERS ACCORDING TO 
SLATER'S SCF3EN WAVE FUNCTIONS 
TABLE V.- ATOMIC RADII AT POTENTIAL MINIMUM R AND 6 
Atom 
o r  
ion  
R, atomic 
u n i t s  
6, atomic 
u n i t s  
TABLE V1 . -  R A D I I  AND WELL DEPTHS 
TABLE V I 1 . -  NOBLE GAS PAIR INTERACTION PARAMETERS AND SOLID PARAMETERS 
FROM PmSENT MODEL AND EXPERIMENTS 
a ~ r e s e n t  model. 
b ~ x p e r i m e n t s .  
G a s  
type  
N e  
A r  
K r  











u n i t s  







u n i t s  







u n i t s  


























TABLE V I 1 I . -  DIATOMIC INTERACTION POTENTIAL PARAMETERS EAB AND rAB 
FROM PRESENT MODEL AND LITERATURE 
[ A l l  q u a n t i t i e s  are i n  a t o m i c  u n i t s ]  
EAB f r o m  
present 
mode 1 
1 . 5 8  X 
3.02 X 
8.00  x 
1 0 . 3  X 
12.7  X 
2.85  X 10-I 
2.22 x 10- I  
2.19 X 10-I 
2.06 X 10-1 
1 . 1 6  X l om3  
2 .21  x 
5.86  X 
7.57  x 
9 .45  x 
2.44 X lo-' 
1 .94  X lo-' 
1 . 9 3  X 101; 
1 . 8 0  X 1 0  
8 .98  X lo-* 
1 . 7 2  X 
4 .43  x 
5.69  X l o m 3  
7 . 1 1  X 
2.15  X 10-I 
1 . 7 3  X 10-I 
1 . 7 1  X lo-' 
1 . 6 1  X 10-1 
& 
AB 
f r o m  
l l t e r a t u r e  
R f r o m  
AB l l t e r a t u r e  
S o u r c e  
R e f e r e n c e  1 9  
R e f e r e n c e  1 9  
R e f e r e n c e  1 9  
R e f e r e n c e  19 
R e f e r e n c e  1 9  
R e f e r e n c e  34 
R e f e r e n c e  34 
R e f e r e n c e  34 
R e f e r e n c e  34 
R e f e r e n c e  1 9  
R e f e r e n c e  1 9  
R e f e r e n c e  1 9  
R e f e r e n c e  1 9  
R e f e r e n c e  1 9  
R e f e r e n c e  34 
R e f e r e n c e  34 
R e f e r e n c e  34  
R e f e r e n c e  34 
R e f e r e n c e  1 9  
R e f e r e n c e  1 9  
R e f e r e n c e  1 9  
R e f e r e n c e  1 9  
R e f e r e n c e  1 9  
R e f e r e n c e  34 
R e f e r e n c e  34 
R e f e r e n c e  34 
R e f e r e n c e  34 
TABLE VII1.- Concluded 
v 
~ b +  
F- 
~ 1 -  
I- 
Br- 
A B  
He 
Ne 
A r  








H e  
N e  
A r  




A r  
K r  
Xe 
EAB from 
p r e s e n t  
model 
8.58 x l o q 4  
1 . 6 4 x 1 0 - ~  
4 .21 x l o m 3  
5.39 x 
6.74 x 
2.08 x 10-1 
1 .68  X lo-' 
1 .66 x 10-l- 
1 . 5 6 X 1 0 - '  
7.63 x l o m 3  
4 . 0 2 x 1 0 - ~  
2 . 7 3 x 1 0 - ~  
5.17 x 

































l i t e r a t u r e  
7.54 x 




2.10 X lo-1 
1.86 X 10-1 
1.72 X lo-' 




3.09 X l o m 4  







5.84 X l oe3  
RAB from 























Refe rence  1 9  
Refe rence  1 9  
Refe rence  1 9  
Refe rence  1 9  
Refe rence  1 9  
Refe rence  34 
Refe rence  34 
Refe rence  34 
Refe rence  34 
Refe rence  1 9  
Refe rence  1 9  
Refe rence  1 9  
Refe rence  1 9  
Refe rence  1 9  
Refe rence  1 9  
Refe rence  19 
Refe rence  1 9  
Refe rence  1 9  
Refe rence  1 9  
Refe rence  1 9  
Refe rence  1 9  


































































































































Face Surfacc  I I 
S a d d l e  
Edge 
Kink 
S a d d l e  
1 Edge 
Kink 
S a d d l e  
TABLE X.-  SURFACE POTENTIALS FOR NOBLE GAS ATOMS ON NOBLE GAS CRYSTALS 
[ v a l u e s  i n  p a r e n t h e s e s  are m u l t i p l e s  o f  E]  
P o t e n t i a l  f o r  
N e  (E = 70.7 c a l / m o l ) ,  
ca l /mo l  
316 (4 .47)  
475 (6 .72 )  
547 (7 .74 )  
285 (4 .03 )  
372 (5 .26 )  
533 (7 .54 )  
547 (7 .74)  
280 (3 .96)  
P o t e n t i a l  f o r  
Ar (E = 274.6 c a l / m o l )  
ca l /mo l  
p o t e n t i a l  f o r  
Kr (E = 386.0 ca l /mo l )  , 
ca l /mo l  
P o t e n t i a l  f o r  
X e  ( E  = 4 9 6 - 1  cal/mal) , 
ca l /mo l  
TABLE X I . -  SURFACE POTENTIALS FOR Ar/NaC1(100) FOR RELAXED 
AND UNRELAXED SURFACES 
[va lues  i n  pa ren these s  a r e  p o t e n t i a l s  ob ta ined  from experimental  
i s o s t e r i c  h e a t s  t aken  from t h e s e  works] 
a S i t e s :  a - sadd l e  p o i n t ;  b - midpoint  o f  s u b c e l l  edge; c - c a t i o n ;  
d - anion.  
S i t e  

































































s t a t e  
z/a 
1 .12 














TABLE X I 1 , -  ZERO COVERAGE ADSORPTION POTENTIALS FOR A r  
ON (100) SURFACE OF 16 ALICA_L,I-FULlnES 
TABLE X I I 1 . -  INTERACTION POTENTIALS FOR H e  ADSORBED ON SEVERAL 
UNRELAXED ALKALI-HALIDE SURFACES 
A l k a l i - h a l i d e  
[ w e l l  d e p t h s  from s c a t t e r i n g  exper iments  g i v e n  i n  
p a r e n t h e s e s  f o r  comparison] 
LiBr 
L i  I 
NaF 
N a C l  
NaBr 








@, ca l /mol ,  f o r  H e  adsorbed on - 
Primary r 














C a t i o n  
Anion 
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Refe rence  52 
Reference 53 
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